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INTRODUCTION 

The promotion o f  Co ( o r  N i )  Mo/Alumina h y d r o t r e a t i n g  c a t a l y s t s  w i t h  percentage 
q u a n t i t i e s  o f  a l k a l i  and a l k a l i n e  e a r t h  meta ls  has been proposed as  a means o f  
reducing carbon f o r m a t i o n  when the  c a t a l y s t  i s  subjected , t o  a h i g h  cok ing  
environment (1, 2, 3) .  We r e c e n t l y  r e p o r t e d  t h e  r e s u l t s  o f  a study i n  which a 
sodium promoted NiMo c a t a l y s t  was compared w i t h  t h e  u n t r e a t e d  c a t a l y s t  w h i l e  
h y d r o t r e a t i n g  a coa l -der ived  l i q u i d  ( 4 ) .  I n  terms o f  hydrogenat ion a c t i v i t y ,  
t h e  t r e a t e d  and u n t r e a t e d  c a t a l y s t s  were e s s e n t i a l l y  equ iva len t .  Both possessed 
e x c e l l e n t  a c t i v i t y  and t h i s  a c t i v i t y  was w e l l  maintained over  the  400 hour r u n  
dura t ion .  Carbon d e p o s i t i o n  on t h e  used c a t a l y s t  was s u b s t a n t i a l l y  reduced b y  
t h e  sodium treatment.  The i n c o r p o r a t i o n  o f  sodium i n t o  t h e  c a t a l y s t  d i d ,  
however, reduce the  hydroden i t rogenat ion  a c t i v i t y .  The present  study was 
undertaken t o  a s c e r t a i n  whether s i m i l a r  e f f e c t s  c o u l d  be r e a l i z e d  by promot ion 
w i t h  t h e  a l k a l i n e  e a r t h  metals.  

EXPERIMENTAL 

C a t a l y s t  d e a c t i v a t i o n  runs were conducted i n  the  bench sca le  t r i c k l e  bed hydro- 
t r e a t e r  descr ibed p r e v i o u s l y  (4) .  The r e a c t o r  i s  charged w i t h  o n l y  t h r e e  grams 
o f  c a t a l y s t ,  and a t  t h i s  sca le  o f  o p e r a t i o n  i t  i s  d i f f i c u l t  t o  o b t a i n  r e l i a b l e  
k i n e t i c s  i n f o r m a t i o n  due p r i n c i p a l l y  t o  t h e  low l i q u i d  mass v e l o c i t i e s  charac- 
t e r i s t i c  o f  such systems ( 5 ) .  One should t h e r e f o r e  n o t  a t t a c h  t o o  much s i g n i -  
f i c a n c e  t o  the  abso lu te  values o f  t h e  r e p o r t e d  r a t e  constants.  Rather i t  i s  t h e  
r e l a t i v e  values o f  t h e  r a t e  cons tan ts  t h a t  i s  s i g n i f i c a n t .  The system has 
proven t o  be a r e l i a b l e  c a t a l y s t  screening t o o l  as t h e  data a r e  r e p r o d u c i b l e  and 
c o n d i t i o n s  a r e  chosen such t h a t  d i f f e r e n c e s  i n  a c t i v i t y  l e v e l  a r e  r e a d i l y  
observed. 

The c a t a l y s t  se lec ted  f o r  t h i s  i n v e s t i g a t i o n  i s  a CoMo/Alumina c a t a l y s t  (Amocat 
18-nominal 16 w t %  Moo3, 3 w t %  COO) p rov ided by t h e  Amoco O i l  Company. T h i s  
c a t a l y s t  was designed s p e c i f i c a l l y  f o r  coal  l i q u e f a c t i o n  a p p l i c a t i o n s  as de- 
s c r i b e d  i n  (6,  7 ) .  A ca lc ium promoted c a t a l y s t  was prepared f rom t h e  Amocat 1 A  
by the  i n c i p i e n t  wetness impregnat ion w i t h  aqueous ca lc ium n i t r a t e  f o l l o w e d  b y  
c a l c i n i n g  f o r  f o u r  hours a t  450°C. The f i n i s h e d  c a t a l y s t  con ta ined 5.3 w t %  CaO. 
A magnesium promoted c a t a l y s t  (3.8 wt% MgO) was prepared s i m i l a r l y .  Both we igh t  
percentages correspond t o  a l o a d i n g  o f  0.9 mole a l k a l i n e  e a r t h  p e r  mole molyb- 
denum. P r o p e r t i e s  o f  a l l  t h r e e  c a t a l y s t s  a re  summarized i n  Table I .  The 
c a t a l y s t s  were s u l f i d e d  i n  10% H2S/H2 p r i o r  t o  c h a r a c t e r i z a t i o n .  

The feedstock employed i n  t h i s  i n v e s t i g a t i o n  i s  a m i l d l y  hydrogenated creoSote 
o i l  (560-835°F) sp iked w i t h  20 w t %  ash f r e e  coal  l i q u i d  vacuum bottoms (1000 "F) 
ob ta ined from t h e  Advanced Coal L i q u e f a c t i o n  Research F a c i l i t y  a t  W i l s o n v i l l e ,  
Alabama, Run 247. P r o p e r t i e s  of t h e  feedstock HCO1-R a re  compi led i n  Table 11. 
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C r i d e  k i n e t i c s  models were developed f o r  t h e  HtOl-R/Amocat 1 A  f e e d s t o c k l c a t a l y s t  
system i n  a manner s i m i l a r  t o  the  procedure descr ibed by Baker, e t  a l .  (4 ) .  
D e t a i l s  a r e  p rov ided  i n  a f i n a l  DOE r e p o r t  (8 ) .  The hydrogen uptake k i n e t i c s  
a re  f i r s t  o rde r  r e v e r s i b l e ;  whereas, t h e  hydrodeni t rogenat ion k i n e t i c s  are 
taken to  be f i r s t  o r d e r  and i r r e v e r s i b l e .  D e a c t i v a t i o n  run  c o n d i t i o n s  are 
sumnarized i n  Table 111. These cond i t i ons ,  w h i l e  severe by h y d r o t r e a t i n g  
standards, are n o t  o u t  o f  l i n e  when compared t o  coal  l i q u e f a c t i o n  cond i t i ons .  

BET sur face areas were c a l c u l a t e d  f rom the  n i t r o g e n  adso rp t i on  i so the rm a t  
l i q u i d  n i t r o g e n  temperatures. Pore s i z e  d i s t r i b u t i o n s  were obta ined by mercury 
poros imetry .  P r i o r  t o  c h a r a c t e r i z a t i o n ,  a l l  used c a t a l y s t s  were e x t r a c t e d  i n  
te t rahyd ro fu ran  (THF) f o r  24 hours and d r i e d  under vacuum a t  100°C f o r  48 hours. 
The used THF e x t r a c t e d  c a t a l y s t s  were analyzed f o r  carbon-hydrogen con ten t  i n  a 
combustion tube apparatus. A l l  c a t a l y s t s  were subjected t o  a c i d  s i t e s  charac- 
t e r i z a t i o n  by the Temperature Programmed Desorpt ion (TPD) o f  t -bu ty lam ine  (9,  
10). We c a l c u l a t e  a R e l a t i v e  Ac id Dens i t y  (RAD) by d i v i d i n g  the h i g h  tempera- 
t u r e  "6-peak" area by the  BET sur face area.  Th is  q u a n t i t y  i s  an i n d i c a t i o n  o f  
t h e  a c i d  s i t e s  d e n s i t y  when compared w i t h  o t h e r  c a t a l y s t s  i n  t h e  program. 
Attempts t o  i n t e r p r e t  t h e  maximum peak temperature as a measure o f  a c i d  s i t e  
s t reng th  a re  compl icated by the  decomposit ion o f  the adsorbed base p r i o r  t o  i t s  
deso rp t i on  f rom t h e  sample (11). 

RESULTS AND DISCUSSION 

Hydrogen uptake d e a c t i v a t i o n  curves f o r  t he  t h r e e  c a t a l y s t s  a re  p l o t t e d  i n  
F igu re  1. Whi le  t h e r e  may have been some l o s s  i n  day one a c t i v i t y  due t o  t h e  
a d d i t i o n  o f  promotor metals, i t  seems c l e a r  t h a t  t h e  hydrogenation a c t i v i t i e s  
a re  e s s e n t i a l l y  e q u i v a l e n t  a f t e r  the f i r s t  few hours on stream. S i m i l a r  r e s u l t s  
were observed i n  an e a r l i e r  s tudy o f  sodium promoted c a t a l y s t s  (4 ) .  I n  c o n t r a s t  
the hyd roden i t rogena t ion  a c t i v i t i e s  are s i g n i f i c a n t l y  lowered by the  incorpora-  
t i o n  o f  a l k a l i n e  e a r t h  meta ls  i n t o  the  c a t a l y s t ,  F igu re  2. (An upset  was 
experienced p r i o r  t o  the  l a s t  balance p e r i o d  d u r i n g  t h e  run  w i t h  unpromoted 
c a t a l y s t ,  hence the  dashed l i n e . )  Furthermore, t he  r e d u c t i o n  i n  a c t i v i t y  
appears t o  be r e l a t e d  t o  c a t a l y s t  a c i d i t y  as ca? be asce r ta ined  from t h e  RAD 
va lues i n  Table I .  The most a c i d i c  c a t a l y s t ,  1.e. t h e  unpromoted c a t a l y s t ,  
possesses the h ighes t  hyd roden i t rogena t ion  a c t i v i t y ;  whereas, t he  l e a s t  a c i d i c  
Ca-promoted c a t a l y s t  e x h i b i t s  t h e  l owes t  a c t i v i t y .  The Mg-promoted c a t a l y s t  
l i e s  i n  between these extremes w i t h  rega rd  t o  bo th  a c i d  s i t e  d e n s i t y  and hydro- 
den i t rogena t ion  a c t i v i t y .  It appears t h a t  a c i d  s i t e s  a r e  e s s e n t i a l  f o r  good 
hydrodeni t rogenat ion a c t i v i t y  presumably because they p rov ide  p r e f e r e n t i a l  
adso rp t i on  s i t e s  f o r  bas i c  n i t rogen  species. Ac id  s i t e s  are e v i d e n t l y  n o t  
e s s e n t i a l  f o r  good hydrogenat ion a c t i v i t y ,  however. 

P roper t i es  of  t he  used THF ex t rac ted  c a t a l y s t s  are compiled i n  Table I V .  By 
comparison w i t h  the  f resh  c a t a l y s t  va lues o f  Table I, i t  i s  apparent t h a t  a 
modest r e d u c t i o n  i n  su r face  area has occurred w i t h  t h e  g r e a t e s t  r e d u c t i o n  being 
f o r  the un t rea ted  c a t a l y s t .  The loss  i n  pore volume i s  more s u b s t a n t i a l  w i t h  
the  pore volume r e d u c t i o n  rang ing  f rom 33% f o r  t h e  Ca-promoted c a t a l y s t  t o  49% 
fo r  the unpromoted c a t a l y s t .  Th i s  i s  a l s o  ev iden t  f rom a comparison o f  cumula- 
t i v e  pore s i z e  d i s t r i b u t i o n s  p l o t t e d  i n  F igures 3 and 4. 

The most i n t e r e s t i n g  i n fo rma t ion  i n  Table IV i s  t h e  carbon d e p o s i t i o n  data. 
Indeed promotion w i t h  a l k a l i n e  ea r th  meta ls  does serve t o  reduce coke deposi- 
t i o n .  Calcium promot ion i s  more e f f e c t i v e  than magnesium promotion, and again 
the  r e s u l t s  suggest t h a t  coke d e p o s i t i o n  may be r e l a t e d  t o  c a t a l y s t  a c i d i t y .  
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Higher coke l e v e l s  a r e  observed on t h e  more a c i d i c  c a t a l y s t s .  

The r e s u l t s  o f  t h i s  s tudy  a r e  b r o a d l y  c o n s i s t e n t  w i t h  recent  r e s u l t s  r e p o r t e d  by 
Shimada and coworkers (12) .  These i n v e s t i g a t o r s  a l s o  observed t h a t  doping w i t h  
Ca and Mg served t o  reduce bo th  coke l e v e l  and hydroden i t rogenat ion  a c t i v i t y .  
Cons is ten t  w i t h  p rev ious  r e s u l t s  f o r  sodium promoted c a t a l y s t s  (13)  they f i n d  
t h a t  a c t i v i t y  losses a r e  reduced by adding t h e  a l k a l i n e  e a r t h  metal as a l a s t  
s tep i n  the  prepara t ion ,  i .e .  a f t e r  t h e  a c t i v e  meta ls  have been added. Somewhat 
c o n t r a r y  t o  o u r  f i n d i n g s  i s  t h e i r  observa t ion  t h a t  hydrogenat ion a c t i v i t y  i s  

, a l s o  reduced by the  a l k a l i n e  e a r t h  t reatment.  However, i t  may be i m p o r t a n t  t o  
note t h a t  t h i s  conc lus ion  i s  based on the  hydrogenat ion o f  a model compound i n  a 
batch reac tor .  T h e i r  r e s u l t s  thus r e f l e c t  i n i t i a l  a c t i v i t y  l e v e l s .  As no ted  
above o u r  i n i t i a l  hydrogenat ion a c t i v i t y  appears t o  be h i g h e r  f o r  t h e  unpromoted 
c a t a l y s t ,  b u t  a f t e r  a few hours on stream t h i s  advantage disappears.  S i m i l a r  
r e s u l t s  were ob ta ined w i t h  sodium promoted c a t a l y s t s  ( 4 ) .  

Our r e s u l t s  f o r  bo th  a l k a l i  ( 4 )  and a l k a l i n e  e a r t h  promoted h y d r o t r e a t i n g  
c a t a l y s t s  have been exp la ined i n  a r a t h e r  s t r a i g h t f o r w a r d  manner i n  terms o f  
c a t a l y s t  a c i d i t y .  However, i n  a s tudy  o f  h y d r o t r e a t i n g  c a t a l y s t s  prepared on 
d i f f e r e n t  suppor t  m a t e r i a l s  (14) ,  we r e p o r t  f i n d i n g s  t h a t  appear somewhat 
c o n t r a d i c t o r y  o f  t h e  present r e s u l t s .  I n  p a r t i c u l a r  we observe a t r e n d  o f  
decreasing coke fo rmat ion  w i t h  i n c r e a s i n g  RAD. Th is  may be due t o  t h e  f a c t  t h a t  
c h a r a c t e r i z a t i o n  o f  c a t a l y s t  a c i d i t y  by TPD o f  t -bu ty lamine i s  f a r  f rom com- 
p l e t e .  I n  p a r t i c u l a r ,  o u r  a n a l y s i s  p rov ides  l i t t l e  o r  no i n f o r m a t i o n  regard ing  
the  s t r e n g t h  (11) o r  type (Bronsted o r  Lewis) o f  a c i d i t y .  These f a c t o r s  may be 
expected t o  e f f e c t  bo th  cok ing  tendency and a c t i v i t y  l e v e l s .  

CONCLUSIONS 

The promot ion o f  an o therw ise  f i n i s h e d  CoMo/Alumina h y d r o t r e a t i n g  c a t a l y s t  w i t h  
percentage q u a n t i t i e s  o f  a l k a l i n e  e a r t h  meta ls  o f f e r s  an e f f e c t i v e  means o f  
reducing coking tendency w h i l e  m a i n t a i n i n g  a h i g h  hydrogenat ion a c t i v i t y .  The 
t rea tment  does have an adverse a f f e c t  on hydroden i t rogenat ion  a c t i v i t y .  A l k a l i  
and a l k a l i n e  e a r t h  promot ion may t h e r e f o r e  be b e n e f i c i a l  i n  a p p l i c a t i o n s  such as 
coal l i q u e f a c t i o n  where t h e  pr imary  f u n c t i o n  o f  t h e  c a t a l y s t  i s  t o  hydrogenate 
and the  r e a c t i o n  environment i s  conducive t o  coking. 
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Table I 

Fresh Ca ta l ys t  P roper t i es  

Amocat 1 A  Mg-Promoted Ca-Promoted 

167 144 135 BET Surface Area, m / g  

Pore Volume ( >  60 A d ia . ) ,  cc/g 0.71 0.69 0.69 

Avg. Micropore Diameter, A 130 125 125 

Avg. Macropore Diameter, A 4500 4500 4500 

Re la t i ve  Acid Density, m- 

2 

0 

0.049 0.036 0 2 

Table I 1  

Feedstock P roper t i es  (HCO1-R) 

w t %  c 
wt% H 

wt% s 
w t %  N 

wt% 0 (BD) 

w t %  Asphal tene 

w t %  Preasphaltene 

Sp. G r .  (60/60 F) 

593 

91.43 

6.84 

0.20 

0.68 

0.85 

12 

4 

1.1232 



Table 111 

Nominal D e a c t i v a t i o n  Run Cond i t ions  

Pressure = 

Temperature = 

WHSV = 

H2 T r e a t  Rate = 

2000 p s i g  

440°C (825°F)  

3.0 

5500 SCF/BBL 

Table I V  

Used C a t a l y s t  P r o p e r t i e s  

Amocat 1A Mg-Promoted 

137 137 BET Surface Area, m / g  

Pore Volume ( >  60 A dia.) ,  cc/g 0.36 0.41 

2 

0 

Avg. Micropore Diameter, A 

Avg. Macropore Diameter, A 
2 R e l a t i v e  Ac id  D e n s i t y ,  m- 

W t %  Carbon 

W t %  Hydrogen 

0 

594 

100 100 

4000 4100 

0.020 0.014 

17.2 13.2 

1.34 1.01 

Ca-Promoted 

118 

0.46 

100 

4100 

0 

9.80 

1.03 
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Figure 1. Deactivation curves for hydrogen uptake. 

N 
N 

0 

LLN 
N m m  
a -  

!: 
u -  
LL I L Q  a .  u -  

0 

LEGEND 
-0-Co promoted 
+Mg promoted 

Unprornoted 

-1 0 0. 0 200.0 400.0 600.0 801 

CUM. UT. OF OIL PER WT. OF CATALYST 

Figure 2. Deactivation curves for hydrodenitrogenation. 
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Figure 3. Cumulative pore s ize  d is t r ibut ions  for  fresh cata lysts .  
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Figure 4.  Cumula t ive  pore s i z e  d i s t r i b u t i o n s  for used c a t a l y s t s .  
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